Abstract Pathways of adapting the built assets for future risk reduction are highly uncertain because of changes in socio-economic trends and climate. To provide solid foundation for better adaptation planning, this paper presents a statistical approach to investigate the future direct damage loss and the benefit of adaptation through elevating building floors of residential and commercial buildings affected by stormtide hazard and sea-level rise in South East Queensland, Australia, particularly the implication of different extents of adaptation to policies. Because of projected socioeconomic growth, it was found that, if considered separately, building stock growth causes twice as large as sea-level rise does to the potential damage loss. Adaptation by elevating new buildings alone is more cost-effective and socially acceptable than by elevating both new and old buildings. It is concluded that even with limited adaptation, immediate but less long-term net benefits could be achieved by focusing adaptation on the most vulnerable coastal housing. Somewhat pre-emptive adaptation that lifts more coastal housing in wider coastal area in the immediate term to accommodate future storm tides gives longer-term net benefits, though incurs higher adaptation costs. However, too much over-adapting may be undesirable as it incurs unreasonably high initial and on-going costs while the benefits of it could only be reaped over unrealistically long time. Geographical extent of asset adaptation should be decided in accordance with the planning time horizon to avoid either under-or over-adaptation.
Introduction
Extreme storm tides coupled with rising sea levels have caused many large economic and life losses worldwide. The 2005 Hurricane Katrina became the costliest natural disaster in United States history, claiming more than 1800 lives with total damage cost estimated at US$108 billion (Knabb et al. 2005) . The 2010 windstorm Xynthia in Western Europe caused 59 deaths and direct losses of more than €2.5 billion (Genovese et al. 2012) . Hurricane Sandy in 2012 triggered 14-foot storm surge, causing private insurance companies an estimated US$18.8 billion (Hurricane Sandy Rebuilding Task Force 2013) as well as more than US$19 billion damage and killing 40 people in New York City (Rosenzweig and Solecki 2014) . Although such huge losses due to storm tides have not been recorded in Australia, thanks to its relatively sparse population, it has been estimated that a repeat of the 1918 storm tide, with a surge of 5.35 m above Australian Height Datum (AHD), at Mackay, Queensland, could induce residential losses of around AU$330 million (Smith and Greenaway 1994 ) to a population of 45,000 (1996 census, Australian Bureau of Statistics). A study using high-resolution atmospheric model of storm events applied to flooding showed that, if Cyclone Wanda of 1974 occurred in 2050 with a 0.1 to 0.4 m rise in mean sea level, the number of dwellings and people affected around the Gold Coast, Queensland, is likely to increase by 3 to 18 % (Abbs et al. 2000) .
The immense historical impacts of coastal inundation to the built environment have made it a subject of widespread studies in recent decades. Owing to the availability of digital geographical data, the advent of computing power, and the improved knowledge of asset vulnerability, impact assessments have been carried out ranging from a local area (e.g., Rambaldi et al. 2013 ) to national (e.g., Wang et al. 2015) and global scale (Hirabayashi et al. 2013) as an aid for impact reduction and adaptation policy making. While many studies that were based on scenario-based assessment assuming a specific hazard level (e.g., 1 in 100-year event) (Michael 2007; Rosenzweig et al. 2011; Rambaldi et al. 2013; Rao et al.2013) provide useful information for regulatory certainty, they may lead to an inappropriate deterministic decision-making due to the negligence of coastal hazard uncertainties (Macintosh 2013) . By employing simplified analysis models, Hallegatte et al. (2013) considered three hazard levels: 1 in 10-, 100-, and 1000-year levels at 136 major global coastal cities, and Hinkel et al. (2013) considered four sea-level rise (SLR) scenarios to estimate global annual flood cost without and with adaptation (by upgrading and maintaining dikes). To address more comprehensively the hazard uncertainties, Lin et al. (2014) introduced a risk assessment framework to account for the occurrence probabilities in the assessment of inundation damage and timing of adaptation to coastal communities.
Since large uncertainties exist in future climatic condition and socio-economic trend, for future risk reduction, proper analyses taking into account the associated uncertainties are required for the benefits and costs of adaptation options and adaptation policies (Wang et al. , 2015 . To demonstrate the benefit-cost analysis and provide solid foundation needed for policy makers and planners, this paper focuses on statistical analysis to investigate future direct damage loss and the benefit of adaptation of residential and commercial buildings to storm tides. We investigate South East Queensland (SEQ), a region located between 26 and 28°S latitude with a coastline of 240 km under the threat of cyclone-induced storm surges. Over the last couple decades, SEQ is Australia's fastest growing region, in which Brisbane, the capital of Queensland, has the third-highest population among Australian cities.
An indicative list of historical storm surge events shows that at least 29 independent surge events have occurred over the past century in Queensland (Harper 1998) , of which about half resulted in storm tides reaching above the Highest Astronomical Tide level. Most of the affected areas were within Moreton Bay, which is right in the middle of the SEQ coastline, and parts of the Gold Coast (Harper et al. 2000) . The Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC) indicates a high confidence that ongoing coastal development and population growth in South East Queensland are projected to exacerbate risks from SLR and increases in the severity and frequency of storms and coastal flooding by 2050 (Hennessy et al. 2007 ). This was reflected again in the Fifth Assessment Report of IPCC (Reisinger et al. 2014) .
To meet the challenge of increasing coastal inundation hazard, some possible adaptation actions have been considered in literature (e.g., Delcan 2012; Wang et al. 2015) : (1) a 'protect' stance by building sea defenses such as sea walls; (2) an 'accommodate' stance by imposing revised construction standards such as lifting building floor height; (3) an 'avoid' stance by avoiding exposure of new and replacement assets in designated hazardous areas; and (4) a 'managed retreat' stance by decommissioning current development over time and returning to a passive land use. As a demonstration, we assess the benefits and costs of the 'accommodate' stance by lifting the building floors a certain distance above the AHD. For cost effectiveness, we present a method for determining the geographical extent of adaptation taking into account the effect of target policy time horizon. Proper extent of adaptation minimizes the waste of finite resources and avoids potential problems of under-or over-adaptation.
Storm tide and sea-level rise
A storm tide level consists of absolute mean water level reached by a storm surge combined with the tide level. Storm tide levels in this study are relative to the AHD, a geodetic datum used for altitude measurement in Australia (ICSM 2012) , which is approximately equivalent to the local mean sea level. Wave setup and wave runup are not considered as they do not reach far inland in extreme inundation events.
Statistical combination of surge and tide based on Monte Carlo methods was developed and applied to the Brisbane airport development (McMonagle 1979) for estimating the hazard up to 1000-year average recurrence interval (ARI). Harper (1998) extended McMonagle's results to 10,000 years. A study commissioned in 1999/2000 provides the latest storm tide statistics for the east coast of Queensland (QNRM 2004) . Besides tropical cyclones, the effects of other intense large-scale or deep extra-tropical weather systems are also taken into account, but their effects are less significant and affect mainly the lower hazard levels of ARIs less than 200 years. The additional storm-tide level increase due to such non-cyclonic events is estimated to be about 0.2 m at 10-year ARI, 0.1 m at 100-year ARI, and reduce to 0 m at about 200-year ARI (Hardy et al. 2004 ). The storm-tide hazard estimated for Wellington Point, an SEQ coastal suburb, is chosen as the hazard representative of the region (Hardy et al. 2004) . Figure 1 shows the storm-tide hazards (triangular points) given by Harper (1998) , which are notably higher than that (thick grey line) given by Hardy et al. (2004) . However, the storm-tide hazard given by Hardy et al. (2004) , used in this paper, represents the most up-to-date estimate (QOCC 2010) . For statistical analysis, the hazard is modeled by the generalized extreme-value distribution,
where F(x) is the cumulative distribution function; α, β, and γ are the location, scale, and shape parameters, respectively. The hazard curve, shown as thin solid line in Fig. 1 , is plotted with α=1.372, β=0.012, γ=−0.463. Note that the convex hazard curve between 10-and 1000-year return periods given by Hardy et al. (2004) is a result of assuming statistical independence between storm surge and astronomical tide. Consequently extrapolating hazard beyond return period of 1000 years by Eq.
(1) will somewhat result in hazard overestimation; however, the extent of overestimation up to 10,000 years should be within the inherent and modelling uncertainties implied in the simulated results of Hardy et al. (2004) . Observational records since the use of satellite tracking for tropical cyclones in the Australian region to date span about 50 years, too short to establish a definitive trend of changes in occurrence frequency and wind gust intensity (Wang et al. 2013) . With regards to climate projections, it appears that definite, quantitative trends in frequency or intensity changes have not yet been identified. Much work remains to be done for the large scale atmospheric structures known to affect tropical cyclone activity (McBride 2010) . Consequently, this study does not consider possible changes in tropical-cyclone frequency and intensity into the future.
With regards to SLR, the IPCC AR4 gives a worldwide SLR range of 0.18-0.79 m when the allowance for dynamic ice sheet contributions is included (Meehl et al. 2007) . Recent altimeter measurements, however, indicated that sea level is tracking close to the upper limit of the IPCC projections (Beckley et al. 2007; Rahmstorf et al. 2007) . For management of the coast and planning for future urban development in the coastal zone and for coastal protection, the Queensland Government has adopted in its coastal plan (DERM 2012) a sea-level rise scenario that, relative to the 1990 level, has an increase of 0.3 m by 2050 and 0.8 m by 2100. This scenario is used in this study. It is consistent with the 95th-percentile projection (CMAR 2012) of the A1FI scenario that is close also to the new carbon emissions scenario, RCP 8.5, of the Representative Concentration Pathways adopted by the Fifth Assessment Report of IPCC (Rogelj et al. 2012) . Given a storm-tide height, the areas that are hydro-logically connected to the ocean and lower than the water level are regarded to be inundated . As examples, Fig. 2 shows the estimated inundation areas for storm-tide heights of 1.56 m and 2.50 m above AHD.
The direct damage cost of inundated buildings is a function of the building footprint, inundation depth, and type of building (residential or commercial). The damage cost assessment was based on a guide published by Queensland Government for assessing direct flood damage costs to buildings and infrastructure (QNRM 2002) . The guide classifies each of residential and commercial buildings into three categories (small, medium, large) according to the building size. In addition, since the value of a commercial property depends heavily on its contents, five sub-categories based on the contents value are further specified for each size category of commercial buildings. For each category, an inundation depth -damage cost curve is given.
Modelling of construction types, velocity-stage-damage functions, house-lifting cost, projected house price, and discount rate, all relevant to damage loss assessment, is presented in Electronic Supplementary Material.
There were about 983,000 residential and 21,000 commercial buildings in SEQ in 2006. Since the number of buildings correlates closely with the size of population, the number of future residential and commercial buildings is assumed to grow at the same rate of population 
Numerical results
With the storm-tide hazard and SLR described in Section 2, and the direct damage cost estimated for specific storm-tide inundation heights in Section 3, we are ready to estimate the damage cost under storm-tide inundation. A discount rate of 4 % p.a. is assumed, as explained in Electronic Supplementary Materials, to convert future cost to the 2011 value. The computation is performed up to 2056, the same time span for population projection by ABS (2008b).
Impact of sea-level rise and building stock growth
The generalized extreme-value distribution, as expressed in Eq. (1), is used to model the distribution of the natural logarithm of damage cost; i.e., ln(damage cost). To see the relative impact of SLR and BSG, the damage costs are estimated for four cases: (1) no SLR and no BSG, (2) SLR but no BSG, (3) BSG but no SLR, and (4) SLR and BSG. Figure 3 shows the estimated damage costs versus ARI and the corresponding fitted damage cost probability models for residential and commercial buildings in 2051. It is seen that the cost increase due to SLR is relatively moderate, whereas the increase due to BSG is significant. For 1000-year ARI, for example, both residential and commercial damage costs are doubled due to SLR, but are about 3.5 and 6.5 times, respectively, due to BSG. When both SLR and BSG are considered, they are 5.7 and 11 times, respectively, indicating that simultaneous occurrence of SLR and BSG results in higher damage costs than the sum of that caused individually. If examined from the perspective of ARI (comparing the blue curves to the red curves), the simultaneous ocurrence will make 10,000-year and 1000-year events in 2011 to become 1000-year and lower than 10-year events, respectively, in 2051.
New buildings adapted only versus all buildings adapted
The preceding subsection investigated building damage costs without policy intervention or adaptation. This subsection investigates the effects of adaptation by lifting new buildings only or both old and new buildings. In this analysis, new buildings in SEQ are regarded as those constructed after 2011 and they are adapted at the time of construction.
Buildings to be adapted are those located in an area called herein as adaptation extent. An adaptation extent (marked as adaptation area in Fig. 4) is the geographical area which can be inundated by a specified storm tide height (e.g., 1.0 m storm tide above AHD). The larger the extent, the more number of buildings needs to be adapted. The floors of adapted buildings within an adaptation extent are raised as a means of adaptation; in this subsection, we assume the adapted buildings are lifted to 1.57 m (coincident with the 100-year storm-tide level) above AHD.
Lifting new dwellings is assumed to add 0.2 % to the per-square meter cost of a dwelling for every 10 cm the dwelling is raised (Rawlinsons Groups 2013). The costs of lifting old buildings are derived according to the Australian Bureau of Statistics data (Kennedy and Robertson 2003) and industry estimates (see Electronic Supplementary Material). Since there is no adaptation cost data found specifically for lifting old commercial buildings, the costs for commercial buildings are assumed to be commensurate to lifting dwellings on a per-square meter basis. . Both SLR and BSG are taken into account. We examine the relative impacts of the two cases by considering the present value (PV) of damage costs given 100-year ARI event. Figure 5 shows the results for buildings without elevation and those according to cases (a) elevating new buildings only, and (b) elevating both old and new buildings. It is clear that elevating buildings is effective to damage cost reduction. However, the benefit of lifting old buildings grows only marginally in the long term, leading to the benefit difference between cases (a) and (b) almost constant over time. When compared to buildings without elevation up to 2051, for example, case (a) gives a saving of 28 and 50 % for residential and commercial buildings, respectively, whereas case (b) gives a saving of 35 and 67 %. Considering the fact that the modest gain in benefit of lifting old buildings could be easily countered by the social cost involved and the high building retrofit cost, lifting new buildings alone appears to be a more cost-effective and more socially acceptable option for policy implementation.
Determination of adaptation extent
It is clear that the larger the adaptation extent, the lower the expected damage cost. Because of finite resources, however, infinitely high level of adaptation is untenable. One criterion for selecting a practical adaptation extent is based on optimisation of net benefits gained due to adaptation.
In practical situations, the extent of adaptation is constrained also by other competing policies demanding the same limited pool of resources and the planning time horizon; i.e., a future point in time at which the decision maker sets to achieve the planning objective. If not properly chosen, an adaptation plan may result in either sub-optimal adaptation that leaves some potential benefits unrealised, or 'over-adaptation' that consumes too much resources for the set objective. We define benefit as the net present value (NPV) of damage cost avoided minus the adaptation cost. Assume that only new buildings in an adaptation extent are raised to 1.57 m above AHD. A sample of size 2000 was generated by Monte Carlo simulation for years 2011-2056. As shown in Fig. 6 for the median benefit, for example, if an adaptation extent determined by 1.00 m storm tide is chosen, adapting residential buildings may have an advantage of having an almost always positive net benefit up to the planning time but with modest positive net benefit. For an adaptation extent inundated by 1.82 m storm tide, even though it results in negative net benefit during a notable period of time, upon reaching the planning time it achieves a higher benefit value than the former one that is obviously a sub-optimal option. If an over-aggressive option is chosen, e.g., adaptation extent inundated by 2.00 m storm tide, it may never reach a positive benefit value prior to the planning time, an example of over-adaptation. The right panel in Fig. 6 , on the other hand, shows that adaptation of commercial buildings represents a case of noregrets: lifting floors of less than 2 m almost always gives positive benefit.
The examples shown in Fig. 6 assert that even with limited, sub-optimal adaptation, immediate net benefits could be achieved by focusing adaptation on the most vulnerable coastal buildings. Similarly, somewhat over-adaptation in the immediate term that lifts more coastal buildings to future storm tides gives longer-term net benefits, though incurs higher initial costs. However, too much over-adapting may be undesirable as it incurs unreasonably high initial costs and the benefits of it could only be reaped over unrealistically long time.
To determine the optimal adaptation extent, we may define benefit-cost ratio (BCR) as the ratio of the present value without adaptation to the present value with adaptation. The BCR value depends on the extent of adaptation and the targe policy time. By choosing a specific time, the BCR values can be computed for a range of adaptation extent, thus a BCR surface may be constructed for a range of adaptation extent and an interval of policy time. For a given target policy time, the adaptation extent that gives the highest BCR is the optimal adaptation extent, as shown in Fig. 7 as the stemmed points, which are located on the ridge of the BCR surface. 
Remarks
As a demonstration of benefit-cost analysis, the assessment results do not attempt to assess the total macroeconomic cost of inundation, such as the indirect cost (e.g., reduction in production of goods and services, reconstruction duration, non-provision of public services) and intangible cost (e.g., increased levels of insecurity/depression, general inconvenience of post-flood phase). The basic methodology presented herein, however, is consistent with the framework outlined by the U.S. National Oceanic and Atmospheric Administration (Eastern Research Group 2013) and hence could be similarly applied to assess a range of different impacts areas or sectors. The benefit-cost analysis results such as that shown in the preceding subsection, for instance, could be derived for alternative SLR scenarios, which will affect the magnitude of damage costs, to show how to develop a staged adaptation strategy that functions well over all the considered scenarios (e.g., Wang et al. 2015) .
A concern naturally arising with regards to benefit-cost analysis is social justice and the distributional issues among property stakeholders (i.e., building owners, insurance and reinsurance companies as well as local, state, and federal governments). Post-disaster recovery seems to be dependent on the extent of social inequality and the existence of disadvantaged subgroups, as observed after the 2005 hurricane Katrina, New Orleans, and the 1992 hurricane Andrew, Miami (Rhodes 2010) . To enhance the benefits and costs, distributional equality among the various stakeholders, availability and affordability of flood insurance policies needs to be addressed. To improve the insurance availability, insurers may need certain degree of controls over their flood risk exposures as well as adequate information for pricing and underwriting. Meanwhile, improved flood risk measurement and mitigation by the governing bodies will facilitate insurance coverage. To address the affordability problem, discounted insurance premiums are needed for buildings and contents in areas of medium and high flood risk, but insurers will need access to a government-sponsored reinsurance facility if they are to deliver flood insurance discounts without compromising their own financial positions (Trowbridge et al. 2011) .
While benefit-cost analysis is commonly employed as a valid tool for undertaking options appraisal for climate change impacts and adaptation, the aforementioned issues such as uncertainties about the future, the distribution of costs and benefits among stakeholders, and likely differential valuation of adaptation costs and benefits by stakeholders have caused some researchers to question the utility of benefit-cost analysis (e.g., Morgan et al. 1999; Yohe 2003; Hallegatte 2011) . As a result, we should bear in mind the existence of significant uncertainties embedded in the analysis, and the potential challenges these may pose to interpreting the results, of this work and others based on benefit-cost analysis.
Conclusions
We demonstrated a statistical approach for benefits and costs assessment of adapting residential and commercial buildings in South East Queensland (SEQ), Australia. We examined the effects of raising building floors to the base flood elevation level. Because of rapid socio-economic development in SEQ, the BSG has much higher impact on increasing the potential damage than does the SLR. Compared with the case without SLR and BSG, when under 1000-year events, SLR alone will cost twice as much in direct damage, and BSG alone about 3.5 and 6.5 times as much, for residential and commercial buildings, respectively. When both SLR and BSG are considered, these costs are 5.7 and 11 times as much. Broader urban planning issues are thus highly relevant to reducing future risk of buildings to storm-tide hazard, and it will pay dividend if the local governments plan and manage coastal construction effectively.
Raising new building floors to a certain level above AHD is an effective approach to combat potential damage losses. Lifting old buildings, however, may not lead to substantive benefit at all as its modest long-term benefit could be countered by substantial social cost in addition to the high building retrofit cost. This observation suggests that lifting new buildings alone is more cost-effective, more socially acceptable, and easier for policy implementation.
Besides raising building floors, some other measures implemented during design and construction has been proven to be useful. For example, some foundation systems like slabon-ground, spread footings and mat foundations have a history of poor performance (FEMA 2010) and are to be avoided in inundation-prone areas. Instead, deeply embedded and open pile or column foundations that better withstand flood forces, high winds, scour and erosion, and floating debris should be considered. All foundations must be constructed with flooddamage-resistant materials capable of withstanding direct and prolonged contact with flood waters without sustaining significant damages.
Thus far we have considered only the inundation due to storm tide. It is typical, however, that a tropical cyclone brings significant amount of rainfall along its track and may cause freshwater flooding. Compound hazard of freshwater flooding and storm tide is a topic that warrants future research for improving the adaptation benefit assessment.
Since climate change research so far has been unable to give definite, quantitative projection for the frequency and intensity of tropical cyclones, the current study does not incorporate such changes in storm-tide hazard. In addition, pathways to adaptation should be kept flexible and reevaluated over time. It is hence worthwhile to reinvestigate regularly the impact of updated climate change projections, the latest data measurements and modelling techniques, the resource changes for adaptation, and make necessary policy adjustment to better cope with the changing storm-tide risk.
